Cfustridiurn difficife toxins A and B cause antibiotic-associated colitis. Whereas antigenic determinants specifying neutralisation of toxin A have been partially elucidated, those of toxin B remain unknown. To define antigenic determinants of toxin B, synthetic peptides were prepared for five linear sequences selected by computer analysis for putative T and B epitopes. Peptides spanning the carboxy terminal region (aa 2155-2283) were also selected because this region contains repetitive units thought to bind the toxin to cell receptors. Multiple antigenic peptides were synthesised by linking four peptide copies to a core of four lysine residues (tetraMAP). Outbred mice were given four doses of each tetraMAP by intraperitoneal injection and specific immunoglobulins G and A were measured by enzyme-linked immunosorbent assay (ELISA) in serum, ascitic fluid and faeces.
Introduction
Clostridium dfficile is an opportunist pathogen that colonises the intestine of individuals whose microbial flora has been disrupted by antibiotics or cytotoxic drugs. Toxigenic strains produce at least two toxins, A and B; toxin A causes necrosis and fluid accumulation in the small and large intestine of several animal models [l-31 and is thought to be the main cause of intestinal disease in man. Damage to the intestinal mucosa might be due to direct action of the toxin on epithelial cells, as has been suggested from studies in vitro [4] ; however, toxin A can also act on inflammatory cells and cause cytokine-mediated injury. It has been reported that toxin A stimulates the release of IL-1, TNF and IL-6 by monocyte-macrophages [5, 6] , enhances mononuclear cell cytotoxicity [7] , and is chemotactic for granulocytes [8] . Anti-inflammatory drugs inhibit toxin A-associated inflammation and necrosis [9] . Toxin B causes no necrosis but induces hypersecretion in intestinal loops of rats [3] and disrupts barrier function in cultured human intestinal epithelial cells [lo] . It also induces release of inflammatory mediators by human monocytes [5] and can increase cell-mediated cytotoxicity [ 1 11 . Toxin B acts synergically with toxin A when given intragastrically to animals [l] . These data suggest that toxin B is also important in the pathogenesis of antibioticassociated colitis.
Because of themedical importance of C. dgficile [12] , there is interest in the development of cost-effective strategies, such as vaccines, for prevention of disease. However, the protective role of antibodies and thus of vaccines, against C. dzficile toxins is not clear. In convalescent sera from patients who have had C. dgficile-induced disease, a significant increase of specific IgG and IgM against toxins A and B has been reported [13] . In some studies, the presence of antibodies has correlated with reduced severity or fewer relapses [14, 151, but in others, a lack of correlation between immunity and clinical response has been noted [16] . Protection of hamsters against clindamycin-induced colitis was highest when animals were immunised against both toxins. Immunisation with toxin A alone was reported to protect from 0 to 100% of hamsters and immunisation with toxin B from 0 to 30% . Immunisation with toxin B protected 100% of hamsters against the lethal effect of toxin B given orogastrically [18] . In ileal intestinal loops of rabbits immunised parenterally with toxin A, mucosal damage and secretion caused by toxin A was reduced significantly, whereas less protection was observed when loops were challenged with both toxin A and toxin B [20] .
Most vaccination studies have been performed with formalin-inactivated toxins. However, the clinical development of C. difficile toxoids has potential problems that include incomplete inactivation, inconsistencies in batch-to-batch properties and uncoupling from formalin. The use of subunit vaccines or synthetic peptides might overcome some of these problems. The design of synthetic vaccines involves the evaluation of selected sequences for their ability to induce humoral and mucosal immunity by providing B and T epitopes.
Toxins A and B are large proteins with mol. w t s of 308 000 and 269 000, respectively [2 1,221. The toxins are similar in structure and have amino-acid sequence homology of c. 50%. Three areas of the molecules show common structural features: a nucleotide binding region close to the N-terminal region, a hydrophobic region of c. 170 aa in the middle of the protein, and a complex series of repeating units in the C-terminal region which comprises almost one-third of the protein [22-241. In the case of toxin A, the Cterminal domain binds the toxin to its cell receptor, is highly immunogenic, and antibodies against it neutralise the effect of the toxin in the intestine [25, 26] . The domain for binding of toxin B is unknown; however, by analogy with toxin A, the C-terminal repeat region is thought to represent the binding domain. Although this region may contain determinants for neutralising (N) antibodies, no N sites have yet been specifically identified and no N monoclonal antibodies have been developed.
The purpose of this study was to evaluate the antigenicity of peptides comprising linear amino-acid sequences from toxin B synthesised as multiple antigenic peptides, a technique that avoids the drawbacks of using a carrier protein [27] . Peptides containing putative B and T epitopes or comprising repetitive sequences in the C-terminal region of the protein were evaluated in rodents for their ability to induce serum IgG and IgA antibodies as well as secretory IgA antibodies. The ability of the antibodies to recognise the native holotoxin as well as to neutralise its cytotoxicity was evaluated. Table 1 shows the toxin B aa sequences synthesised as multiple antigenic peptides (MAPs) by covalently linking four peptides (tetraMAPs) to a core of four lysines as previously described [27, 28] . Fig. 1 shows the localisation of these sequences in the toxin protein.
Materials and methods

Peptides
MAPs were synthesised by Dr Charles Dahl (Department of Biological Chemistry and Molecular Pharmacology Harvard Medical School, Boston, USA). Five linear sequences containing putative T and B epitopes were selected. T epitopes were amphipathic regions containing an a-helix or a sequence with a G followed by two or three hydrophobic residues and a charged or polar residue. B epitopes were sequences with high hydrophilicity, protrusion index, mobility and the presence of a /?-turn. Sequences with these characteristics were identified by the PLOTSTRUCTURE software program and designated as MAPs 1,2, 3 , 4 and 5 . Nine peptides spanning the carboxy-terminal region 2155-2283 were chosen because this region of the 
Animals
Female Swiss Webster mice 8-10 weeks old (Taconic, Germantown, NY, USA) were used for immunisation.
Groups of five animals were given 50pg of each tetraMAP by intraperitoneal (i.p.) injection at days 0 and 7 and 1Opg of each tetraMAP, plus 0.1 ml RIBI adjuvant (RIBI ImmunoChem, Hamilton, MT, USA) at days 14 and 28. A group of five animals was given RIBI and no MAP by i.p. injection at days 0, 7, 14 and 28 as a negative control. Immune ascitic fluid was induced by injecting lo5 sarcoma cells (180/TG) i.p. on day 38; and ascitic fluid, blood, and faeces were collected on day 48. Blood and ascitic fluid were allowed to clot overnight at 4"C, centrifuged and the supernate was frozen at -80°C. Faecal specimens for antibody determinations were prepared as follows. Five faecal pellets were mixed thoroughly in 1 ml of phosphate-buffered saline (PBS) pH 7.4, containing protease inhibitors, 0.2 mM aminoethyl-benzene sulphony1 fluoride (Calbiochem, La Jolla, CA, USA), aportinin (Sigma) 1 pg/ml, 10 p~ leupeptin (Sigma) and 3 . 2 5 ,~~ bestatin (Sigma), and non-fat dry milk 5%; after centrifugation, supernates were frozen at -80°C.
QuantiJication of immunoglobulins
All reagents were obtained from Southern Biotech, Birmingham AL, USA, unless otherwise specified. Total content of IgG was estimated in blood and ascitic fluid. Microtitration plates (Coming, New York, NY, USA) were coated (1 ,ug/well) with unlabelled goat anti-mouse IgG (heavy chain specific, absorbed with mouse IgM and IgA) in carbonate-bicarbonate buffer (CBB) pH 9.3, overnight at 4°C; plates were then washed and blocked with non-fat dry milk 2.5% in PBS (PBSM). Test samples were then added at twofold dilutions from 1 in 10000 to 1 in 640000 in PBSM and incubated for 1 h at 37°C. An isotype control was added to each plate, consisting of purified mouse IgG from 0.8 to 50ng/ml. Plates were washed and biotinylated goat anti-mouse IgG (heavy chain specific) diluted 1 in 1000 was added and incubated for 1 h at 37°C. After washing, streptavidin-alkaline phosphatase diluted 1 in 500 was added, the plates were incubated for 1 h at 37"C, and then washed before addition of substrate (p-nitrophenyl phosphate 
ELISA for reaction of anti-MAPS with toxins
To study the recognition and specificity of native toxins with antibodies raised to the 14 MAPs, each well was coated with 2 p g of toxin B or 4 p g of toxin A purified as described previously [26] (LabTech, Blacksburg, VA, USA), and ELISA was performed as described above with serially diluted ascitic fluid. Specific IgG (ng/ml) was estimated by analysing the absorbance of the samples in a curve prepared by coating wells with purified mouse IgG in each plate. The IgG value obtained against each toxin with ascitic fluid from RIBI immunised animals (negative control) was subtracted from the values obtained with ascitic fluid specific IgG antibodies for each anti-MAP. Values were then normalised for the total content of IgG and expressed as ELISA units (ng of specific IgGlpg of total IgG).
Reaction of anti-MAPS with denatured toxins
Preparative SDS-PAGE 12% gels were loaded with either 38pg of toxin B or 93pg of toxin A and run under reducing conditions at 200 V for 1.2 h. Proteins were transfered to nitrocellulose membranes. Membranes were then blocked with PBSM, mounted in a multiscreen apparatus (BioRad, Hercules, CA, USA) and anti-MAPS were added at a final dilution of 1 in 300; ascitic fluid from RIBI immunised mice was also tested at a 1 in 300 dilution. After washing, goat antimouse IgG alkaline-phosphatase conjugate was added and the reaction product visualised by adding NBT/ BCIP substrate (Gibco, Gaithersburg, MD, USA). Positive controls included a monoclonal antibody (PCG-4) against toxin A and a polyclonal goat antitoxin B (both gifts of Dr D. Lyerly LabTech, Blacksburg, VA, USA).
Inhibition of cytotoxicity
To determine the ability of the 14 anti-MAPS to neutralise the cytotoxicity of toxin B, ascitic fluid was diluted 1 in 10 in PBS and then mixed with an equal volume of toxin B in two-fold dilutions from 10 to 0.07 ng/ml. A curve in each plate with only toxin B was used to define the minimal dose producing a cytopathic effect in 100% of the cells (1 TCD100).
Ascites from RIBI immunised animals were included as negative control and the polyclonal goat anti-toxin B was used as a positive control for neutralisation. The antibody-toxin mixture was incubated for 1 h at 37°C and 2Opl were added to Chinese hamster ovary (CHO) cells in duplicate 96-well microtitration plates. Cytopathic effects were recorded 20 h later to determine the number of TCDl00 inhibited by the sample ~9 1 .
All 14 MAPs were also tested for their capacity to block toxin B cytotoxicity: 1Opg of each MAP were added to duplicate wells containing confluent CHO cells, incubated for 10 min and toxin B was added in two-fold dilutions as above. After 20 h, the number of TCD 100 inhibited was recorded.
ELISA for reaction of MAPs with toxin B
To study the recognition of toxin B by MAPs, plates were coated with toxin B 2,uglwell and blocked with PBSM as described above. MAPs 4, 7, 11 and 12 were added in two-fold dilutions from 100 to 3.1 pglml and incubated for 1 h at 37°C. Next, the homologous anti-MAP ascitic fluids were added in a 1 in 1000 dilution and incubated for 1 h, 37°C; this dilution was chosen because it gave a strong reaction with the MAP and a very weak reaction with toxin B. Some of the wells coated with toxin B were treated directly with antiMAPs at a dilution of 1 in 1000. Biotinylated goat antimouse IgG was added and the reaction was visualised as described earlier. For each toxin-MAP reaction, the absorbance obtained from the reaction between toxin B and anti-MAP was subtracted from the absorbance obtained when the reaction mixture contained toxin B and both MAP and anti-MAP. 
Results
Humoral immune response against homologous MAPs
IgG and IgA antibody responses in sera of individual mice immunised with each MAP were first evaluated and compared with the response in pooled ascitic fluid. As ELISA endpoint titres in ascitic fluid were highly correlated with the mean serum response of each group of five mice (data not shown), only values in ascitic fluid are presented. The specific IgG responses in ascitic fluid ranged from c. 100 to 600 ELISA units, as shown in Figure 2 . 
-
0.8 -was tested indirectly by measuring the content of specific IgG subclasses in ascitic fluid (Fig. 4) 
Recognition of toxins A and B
Ascitic fluid IgG raised to some MAPs recognised native toxin B and showed cross-reactivities with toxin A (Fig. 5) . Anti-MAP 7 has the strongest reaction with toxin B. Anti-MAP 6, which also reacted with native toxin B, was raised against a peptide that overlapped MAP 7. Anti-MAPS 2, 3, 4 and 14 also showed moderate reactivity with toxin B. Anti-MAPS 5 , 8, 9, 10, 12 and 13 gave weak reactions, and anti-MAPS 1 and 11 did not recognise the toxin. Native toxin A was recognised by anti-MAPS 3, 6, 7 and 11. Western blots showed recognition of denatured toxin B by most antisera, except for anti-MAPS 1, 5 and 10 ( Fig. 6a) . Anti-MAPS 3, 6, 7 and 10 showed reactivity with denatured toxin A (Fig. 6b) . Anti-MAPS 4 and 14 reacted with denatured toxin B but not with denatured toxin A. Ascitic fluid from RIB1 immunised mice showed no reactivity with either toxin. Sequences from all MAPs studied are included in the C-terminal portion of toxin B. The homologies of the toxin B MAPs sequences 3, 6, 7 and 10 with toxin A are shown in Table 2 . MAP 3 has 37% homology (68% similarity) with toxin A repeat IID2. MAPs 6 and 7 have 60 and 52% homology, respectively, with toxin A repeat class 15; both MAPs have the sequence YFAPANT which is conserved in all seven class I repeats of toxin A. MAP 10 has 36% homology with toxin A repeat IIBlo; and the sequence KYYEN is conserved in 10 of the 13 class IIB repeats of toxin A. MAPs 4 and 14, which did not show cross reactivity with toxin A, had homologies of 25 and 32%, respectively, with toxin A ( Table 2) .
Inhibition of toxin B cytotoxicity
None of the anti-MAPS inhibited toxin B-induced cytotoxicity in CHO cells. To determine whether the n MAPs might compete with toxin B for binding to cells, 10 pg of each MAP were added to cells for 10 min before challenge with toxin B. MAPs 4 and 7 inhibited one TCDlOO, MAP 12 inhibited 2 TDCl00; whereas MAP 11 was able to inhibit 16 TDC100. The inhibitory activity of MAP 11 was further characterised. MAP 11 at concentrations of 2, 4, 8 and 16 puglwell was tested to determine the minimal dose required to inhibit 2 TCD100. A minimum of 8 pg was required to inhibit cytotoxicity. MAP 11 at 8pUglwell was then added -60, -30, -15, 0, +15 and +30 min in relation to the time of toxin B challenge with 2 TCDl00 (Fig. 7) . When MAP was added to cells before addition of toxin, no inhibition was observed; however, when both MAP and toxin were added together or when MAP was added shortly after toxin B, cytotoxicity was inhibited. These results suggest that some MAPs might interact with toxin B and not with cell receptors; this possibility was studied by ELISA (Fig. 8) . MAPs 11 and 12 were shown to react with toxin B at concentrations < 10 pg/ ml (OD > OS), whereas only high concentrations of MAPs 4 and 7 recognised toxin B.
Discussion
As C. dzficile colitis is a toxin-mediated disease, strategies for prevention should focus on immunity against toxins; in fact, clinical and experimental reports suggest that antitoxin immunity may prevent disease [14, 15, [17] [18] [19] . Toxin A is a highly immunogenic protein and its repetitive sequences in the C-terminal region induce antibodies that protect against enterotoxicity in experimental animals [26] . Toxin B is less efficient as an immunogen and no immunodominant or protective epitopes have been described. In an attempt to define antigenic determinants in toxin B, linear sequences of toxin B were mapped by the systemic and mucosal antibody responses induced by synthetic peptides after intraperitoneal immunisation of mice.
One of the purposes of this work was to identi@ sequences with T epitopes and, therefore, peptides were not conjugated to a blood and mucosal compartments. These regions of the toxin might represent suitable candidates as part of a subunit vaccine aimed at raising mucosal immunity. The ability of some of these sequences to elicit secretory IgA was supported by the pattern of IgG subclasses produced, since high levels of IgGl and IgG2b were observed, those subclasses known to be induced by activated Th2 helper cells [31, 32] . However, MAPs l , 4 and 5 induced high levels of IgGl but only low levels of IgA; this discrepancy is unexplained.
The high antigenicity of these linear sequences is in contrast with the poor immune response observed when purified toxin B is used as the antigen [19] . The toxin is known to interact with immune cells and alter some of its functions. Low concentrations of toxin B activate human monocytes to release pro-inflammatory monokines [5] , and can also be toxic to antigenpresenting cells [5, 33] . Thus, it is possible that even after inactivation, the uptake and processing of the toxin by immune cells do not favour stimulation of B and T cells. Linear sequences may help to bypass these unwanted interactions. However, in spite of the high immune response and recognition of native toxin B by some anti-MAPS, none of the antibodies neutralised cytotoxicity. Even if they do not induce protective antibodies, peptide antigens might be used to prime the host before boosting with low doses of native toxins, which would normally be non-immunogenic, as has been shown with some viral antigens [341.
On When the reaction of anti-MAPS with toxin B was studied by immunoblotting, polymers of the toxin were hardly recognised, whereas peptides with sizes down to c. 40 kDa were recognised by some antiMAPs, supporting previous suggestions that toxin B is frequently hydrolysed into smaller peptides during purification. Anti-MAPS 3, 6 and 7 recognised native toxin A in ELISA and denatured toxin in SDS-PAGE; in clear contrast with the reaction with toxin B, these antisera recognised toxin A polymers or aggregates, suggesting that these epitopes are presented as conformational epitopes when toxin A is not denatured. It might also be possible that the reported nonspecific interaction of mouse IgG with toxin A is favoured when this toxin is polymerised [35] .
Anti-MAP 11 recognises native toxin A but not native toxin B; on the contrary, it recognised denatured toxin B but not denatured toxin A. We have no clear explanation for this finding; it is possible that, as suggested above, whereas the recognised epitope is linear in toxin B, it is conformational in toxin A.
In toxin A, the C-terminal repetitive sequences are highly immunogenic and studies with recombinant peptides and monoclonal antibodies suggest that conformational epitopes and not linear sequences are able to induce protective antibodies [25] . The present study also shows that linear sequences of the repetitive domains in the C-terminal region of toxin B do not induce anti-cytotoxic antibodies. The C-terminal region is highly homologous between the toxins [24], explaining the cross-reactions observed with some of the anti-MAPS. The C-terminal repeats of both toxins have partial homology to the C-terminal repeats observed in streptococcal glucosyltransferases [36] .
In toxin A and in streptococcal glucosyltransferase, this region is responsible for binding the protein to specific oligosaccharides; by analogy, toxin B repeats are suspected to bind the toxin to its receptor. The receptor for toxin B is unknown, but antibodies preventing its binding should show protection. Although none of the anti-MAPS neutralised the cytotoxicity of toxin B, four peptides (MAPs 4, 7, 11 and 12) inhibited cytotoxicity. This inhibition seems to be due to a direct interaction of the MAP with the toxin, because: (1) antibodies to the MAP did not inhibit cytotoxicity; (2) the inhibition was evident only when MAP was added to the cells together with the toxin or shortly after it; and (3) the MAP reacted directly with the toxin as tested in ELISA. However, direct interaction with toxin B may not be the only cause since differences in binding ability, as measured by ELISA, do not correlate with the magnitude of inhibition of cytotoxicity. The relevance of the cytotoxic activity of toxin B in intestinal disease is unknown, and, at this time, it is difficult to say whether this MAP would have therapeutic potential.
